We previously demonstrated that secreted protein acidic and rich in cysteine (SPARC) increases heat shock protein 27 (HSP27) expression and phosphorylation and promotes glioma cell migration through the p38 mitogen-activated protein kinase (MAPK)/HSP27 signaling pathway. As different regions of the SPARC protein mediate different SPARC functions, elucidating which SPARC domains regulate HSP27 expression, signaling and migration might provide potential therapeutic strategies to target these functions. To investigate the roles of specific domains, we used an SPARCgreen fluorescent protein (GFP) fusion protein and constructs of SPARC-GFP with deletions of either the acidic domain (DAcidic) or the epidermal growth factor (EGF)-like module (DEGF). GFP, SPARC-GFP and the two deletion mutants were expressed in U87MG glioma cells. Characterization of the derived stable clones by confocal imaging and western blotting suggests proper folding, processing and secretion of the deletion constructs. Uptake of the constructs by naive cells suggests enhanced internalization of DAcidic and reduced internalization of DEGF. Wound and transwell migration assays and western blot analysis confirm our previous results and indicate that DAcidic reduces SPARC-induced migration and p38 MAPK/HSP27 signaling and DEGF decreases SPARC-induced migration and dramatically decreases the expression and phosphorylation of HSP27 but is poorly internalized. Loss of the EGF-like module suppresses the enhanced HSP27 protein stability conferred by SPARC. In conclusion, deletions of the acidic domain and EGF-like module have differential effects on cell surface binding and HSP27 protein stability; however, both regions regulate SPARC-induced migration and signaling through HSP27. Our data link the domains of SPARC with different functions and suggest one or both of the constructs as potential therapeutic agents to inhibit SPARC-induced migration.
Introduction
Gliomas are the most common primary brain tumors in adults. Even grade II gliomas invade into the normal brain, making these highly malignant tumors. The infiltrative cells are the primary cause of recurrence in glioma patients (1, 2) . Surgery and radiotherapy are effective in targeting the tumor center but less effective against the invading cells (3). Even with newer therapies, the median survival time of patients with the most malignant, grade IV, gliomas is about 15 months after diagnosis (4) , necessitating the development of new therapies.
Secreted protein acidic and rich in cysteine [SPARC (5) ], also known as osteonectin (6) or BM-40 (7) , is a secreted glycoprotein. SPARC is highly expressed during development, vascular morphogenesis and in tissues undergoing remodeling and repair (8, 9) . SPARC is secreted into the extracellular matrix (ECM) where it can modulate cell adhesion, motility, proliferation and ECM production (10) . We and others have reported that SPARC is highly upregulated early in glioma progression (11) and that SPARC is involved in glioma migration and invasion in vitro (12) and in vivo (13, 14) .
SPARC is composed of an acidic domain, a follistatin-like domain and an extracellular calcium-binding domain. The acidic domain contains several glutamate residues and binds 5-8 calcium ions with low affinity (k d 5 5-10 mM) (8) . Data suggest that this domain has a welldefined structure only in the presence of high concentrations of calcium (15) . The follistatin-like domain contains an epidermal growth factor (EGF)-like module, which is highly twisted by two disulfide bonds (16) and a copper-binding region that also binds b1 integrin (17) . The extracellular calcium-binding domain contains two nearly identical EF-hands and binds two calcium ions cooperatively with high affinity (k d 5 170 nM) (18, 19) . Since extracellular calcium levels are high, the EF-hands are constitutively bound to calcium and so they presumably play a structural role (18) .
The functions of SPARC domains have been investigated by adding peptides to cells in culture. A peptide corresponding to a portion of the acidic domain inhibited fibroblast and endothelial cell spreading and an antibody to this peptide blocked the anti-spreading activity of wildtype (wt)-SPARC (20) . This peptide also decreased focal adhesions in endothelial cells (21) and, like wt-SPARC, downregulated thrombospondin and fibronectin (FN) and induced the expression of PAI-1 (22) . Peptides mimicking the EGF-like module caused focal adhesion disassembly (21) , inhibited endothelial cell proliferation (23) and had a biphasic effect on fibroblast proliferation (24) . This peptide was also more potent than wt-SPARC in binding to the cell surface of endothelial cells (25) and inhibited angiogenesis induced by neuroblastoma cells in a dose-dependent manner (26) . Portions of the extracellular calcium-binding domain are also involved in SPARC function, including de-adhesion, slowing of cell cycle progression and binding to collagens (20, 21, 27, 28) . However, as part of this domain is important in the proper folding of SPARC (19) , this study focuses on the acidic domain and the EGF-like module.
We have shown previously that SPARC expression increases glioma cell migration on FN through the activation of the p38 mitogenactivated protein kinase (MAPK)/heat shock protein 27 (HSP27) signaling pathway (29) . This activation is likely mediated by SPARC binding to a cell surface receptor such as b1 integrin (17, 30) to induce signaling through intracellular proteins, such as FAK (31, 32) and ILK (33) . Indeed, ILK activates p38 MAPK (34) . p38 MAPK exists in a complex with unphosphorylated MAPKAPK2, AKT and HSP27. Upon activation, p38 MAPK activates MAP-KAPK2, which then phosphorylates HSP27 (35) . MAPKAPK2 can also activate AKT (36, 37) and AKT can directly phosphorylate HSP27 (38) . Once HSP27 is phosphorylated, the complex dissociates (36, 38) . Unphosphorylated HSP27 participates in actin capping (35) . When phosphorylated, HSP27 no longer localizes to the leading edge of the lamellipodia but localizes further back, where it stabilizes the actin filaments to facilitate migration (35, 39) . We have shown that inhibition of this pathway using HSP27 siRNA results in decreased migration and/or invasion of SPARC-expressing glioma cells in vitro (29) .
We have shown that SPARC increases total HSP27 protein and this is accompanied by increased HSP27 transcript abundance (29) . As SPARC has also been proposed to be an intracellular protein chaperone (40,41), we further determined whether SPARC mediates HSP27 protein stability and whether deletion of either the acidic domain or the EGF-like module are involved.
The goals of this study were to examine the effects of deleting the acidic domain or the EGF-like module in SPARC-induced migration and signaling. As SPARC is highly overexpressed in the majority of gliomas (11), we expressed the deletion mutants in U87MG glioma cells. Both deletions reduced cell migration and HSP27 expression and signaling but affected internalization of the constructs, cell adhesion and HSP27 protein stability differently. Our results further support our previous conclusions that HSP27 is a good therapeutic target for SPARC-expressing tumors and, in addition, suggest SPARC deletion constructs as potential therapeutic agents.
Materials and methods

Cell maintenance
Cells were maintained in a humidified chamber at 37°C and 5% CO 2 . U87MG cells and the U87D8 clone were maintained in growth medium: Dulbecco's modified Eagle's medium þ 10% fetal bovine serum þ 1% penicillin/streptomycin [Pen/Strep (1:1)] þ 5 lg/ml gentamicin. The transfected clones were maintained in growth medium þ 400 lg/ml geneticin (G418). For experiments, unless otherwise stated, cells were plated in Dulbecco's modified Eagle's medium þ 10% fetal bovine serum þ 1% penicillin/streptomycin overnight. Then cells were washed twice with phosphate-buffered saline (PBS) and media were changed to serum-free (SF) OptiMEM. Cell culture reagents were purchased from Invitrogen (Grand Island, NY).
Vector constructs, transfection and clone selection
The SPARC-green fluorescent protein (GFP) fusion construct was created previously in our laboratory (29) . The deletion mutants were created using QuickChange Site-Directed Mutagenesis (Stratagene, La Jolla, CA). The polyacrylamide gel electrophoresis-purified primers for site-directed mutagenesis for the deletion of the acidic domain (forward 5#-GGGAGGGCCTTGG-CAAATCCCTGCCAGAAC-3# and reverse 5#-GTTCTGGCAGGGATTTGC-CAAGGCCCTTCCC-3#) and for the deletion of the EGF-like module (forward 5#-GTGGCGGAAAATCCCGTGTGCCAGGACCCC-3# and reverse 5#-GGGGTCCTGGCACACGGGATTTTCCGCCAC-3#) were purchased from Invitrogen (Carlsbad, CA). Plasmids were amplified in bacteria and purified by miniprep and/or maxiprep (Qiagen, Valencia, CA). Mutations were verified by enzyme digestion and dye terminator sequencing (Applied Genomics Technology Center, Wayne State University).
U87MG cells (ATCC) were transfected by electroporation using the nucleofector program X-01 and solution T (Amaxa, Gaithersburg, MD). Cells were subjected to G418 selection. Cells were diluted, plated in 100-mm dishes and allowed to grow. Fluorescent colonies were visualized using an Olympus IX50 fluorescence microscope and were individually transferred to 24-well plates using cloning discs (Labcor Products, Frederick, MD) soaked in trypsin.
Two clones expressing each of the constructs were chosen based on their having similar expression levels: GFP14 and GFP72 express GFP and SPARCB8 and SPARC83 express SPARC-GFP. The deletion mutant clones include DAcidicG3, DAcidicE61, DEGF1.3 and DEGFC1. Throughout this report they will be referred to as GFP, SPARC, DAcidic and DEGF, respectively.
Selection of the U87D8 clone was also performed using cloning discs. Several clones were analyzed by western blot and U87D8 was selected for the level of endogenous SPARC and the ability to internalize SPARC-GFP.
Western blot analyses Clones were plated 2 or 4 Â 10 5 on plastic or FN (Millipore, Temecula, CA). Conditioned SF OptiMEM was collected at 24 h and centrifuged. For collection of cell lysates at 3 and 24 h, cells were washed twice with ice-cold PBS and lysed with single detergent lysis buffer (50 mM Tris, 150 mM NaCl and 1% Triton X-100) þ 5 mM Na 3 VO 4 þ 10 mM NaF þ Easy mini protease inhibitor cocktail tablet (Roche, Indianapolis, IN). The lysed cells were scraped, vortexed and centrifuged. For collection of lysates from U87D8 cells exposed to conditioned medium, lysates were collected after 10 and 30 min and 1, 3, 6 and 24 h after exposure.
Lysate protein concentration was determined by BCA protein assay (Thermo, Rockford, IL) and 8-20 lg protein in lysates or 20 ll media were subject to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot as described previously (12) . Molecular weights were estimated using the Precision Plus Dual Color Protein Standards (Bio-Rad, Hercules, CA). Primary antibodies include SPARC (1:6000; Haematologic Technologies, Essex Junction, VT), GFP (1:2000; Invitrogen, Eugene, OR), HSP27, actin (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA), p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), phospho-HSP27 Ser82 (1:1000; Cell Signaling Technology, Danvers, MA), phospho-HSP27 Ser15 and phospho-HSP27 Ser78 (1:1000; Assay Designs, Ann Arbor, MI). Films were scanned using a Hewlett-Packard 8300 series scanner and images captured using Photoshop Software. Densitometry was measured using ImageJ software (National Institutes of Health, Bethesda, MD) and values were normalized to actin. Values represent the average of the clone pairs in three independent experiments and indicate the fold change versus the average of the values for the two GFP control clones.
Immunofluorescence and confocal microscopy Cells were plated on coverslips coated with 50 lg/ml FN, 1500-2000 cells per well. Clones were exposed to SF OptiMEM for 24 h and U87D8 cells were exposed to conditioned SF OptiMEM for 3 h. Cells were washed with PBS, fixed with 3% paraformaldehyde and permeabilized with 0.05% Triton X-100. Cells were washed twice with PBS, blocked with 1% bovine serum albumin (BSA) and incubated with TGN46 antibody (1:200; AbD Serotec, Oxford, UK) or EEA1 antibody (1:500; BD Biosciences, San Diego, CA). Cells were washed three times with PBS and incubated with Cy3-labeled goat anti-rabbit or Cy3-labeled goat anti-mouse secondary antibody (each 1:1000; Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were washed three times with PBS, once with deionized water and coverslips were mounted using VECTASHIELD Hard-Set mounting medium (Vector Laboratories, Burlingame, CA). Cells were imaged using a Nikon Confocal Microscope C1 System. Images were captured in 0.5-lm sections to generate single-slice images or whole-cell built images using Nikon EZC1 2.30 software.
Adhesion assay
Ninety-six-well plates were coated with FN as indicated, blocked with 1% BSA and washed with PBS. Cells (one clone per construct) were plated in triplicate, 5000 cells per well in SF OptiMEM, incubated on ice for 30 min and 37°C for 24 h. Loose and non-attached cells were removed by shaking the plates at 350 r.p.m. for 6 min. Adherent cells were washed with PBS, fixed with 1% glutaraldehyde, washed three times with PBS, stained with 0.1% crystal violet and washed again. The dye was solubilized in 1% sodium dodecyl sulfate and quantified by reading absorbance at 540 nm. Data represent the average of three independent experiments.
Wound migration assay Cells were plated in duplicate, 3 Â 10 5 in 60-mm dishes on 50 lg/ml FN and allowed to grow to confluence. Wounds were made with 3/4-inch razor blades, were imaged and distance measured after 20 h as described previously (29) . Data represent the average of the clone pairs from three independent experiments.
Growth curve
For each time point, the eight clones were plated in triplicate (10 000 cells per well) on FN (50 lg/ml) in six-well plates. The next day, day 0 cells were trypsinized, stained with 0.4% trypan blue (Invitrogen, Grand Island, NY) and counted using a hemocytometer. For the remaining cells, media were changed to SF OptiMEM and cells were counted at 24 and 48 h.
Transwell migration assay
For migration of cells through transwell filters with 8-lm pores (Fisher Scientific, Pittsburgh, PA), cells (one clone per construct) were plated in triplicate, 5 Â 10 4 cells per transwell insert in SF OptiMEM. Cells settled for 15 min, then lower chambers were filled with OptiMEM containing 10% fetal bovine serum. After 2 h, cells were fixed, stained with hematoxylin and imaged as described previously (29) . Nuclei were counted. The data represent the average number of cells per field for three independent experiments.
Inhibition of p38 MAPK Cells (one clone per construct) were plated 2 Â 10 5 on FN (100 lg/ml) in growth medium overnight. Media were changed to SF OptiMEM þ dimethyl sulfoxide (vehicle control) or the p38 MAPK inhibitor SB203580 [20 lM, Calbiochem, La Jolla, CA (42) ] for 24 h as described previously (29) . Lysates were collected for western blot analysis as described above. Representative images are presented for four independent experiments. HSP27 stability Cells (one clone per construct) were plated 2 Â 10 5 on plastic in growth medium overnight. Media were changed to SF OptiMEM þ dimethyl sulfoxide (vehicle control) or cycloheximide [50 lg/ml, Sigma-Aldrich, St Louis, MO (43) ]. Lysates were collected at 24, 48 and 72 h for western blot analysis as described above. Data represent the average of three independent experiments.
Statistical analyses
For the wound and transwell assays, the means for each construct were compared using generalized linear mixed models. One-way analysis of variance
was used for the western blots. The growth curve, adhesion and cycloheximide assays were analyzed using the Student's t-test. All comparisons were considered significant at the ,0.05 level.
Results
Creation of the deletion mutant constructs
The deletion mutants were constructed from a previously created SPARC-GFP fusion plasmid (29) . The acidic domain deletion mutant (DAcidic) was created by deleting base pairs 109-264 corresponding to amino acids 1-52 ( Figure 1 ). This deletion was expected to have little effect on the proper folding of the construct, since it is loosely folded in native SPARC. To delete the EGF-like module (DEGF), base pairs 271-336 were deleted corresponding to amino acids 55-76 (Figure 1 ). This deletion includes four cysteines that form two disulfide bonds (Cys 1-3 and 2-4) (16) . With the bonded cysteines deleted, it was expected that this deletion would have little effect on the folding of the construct. The GFP empty vector (GFP), wt-SPARC-GFP (also referred to as SPARC or SPARC-GFP) and the deletion constructs were transfected into U87MG cells, which express very low levels of endogenous SPARC, and stable clones were selected.
Intracellular localization, expression and secretion of all constructs
Expression of all constructs was verified by GFP fluorescence confocal imaging (Figure 2A, i) . SPARC is secreted through the classical pathway (44) and therefore is processed in the endoplasmic reticulum and the Golgi complex. To ensure that the deletions did not alter protein processing, cells were fixed and immunostained for TGN-46 ( Figure 2A , ii), an integral membrane glycoprotein in the trans-Golgi network. Merged GFP and TGN-46 images (Figure 2A , iii and zoom iv) demonstrate that, as expected, GFP is a cytosolic protein and does not co-localize with TGN-46. In contrast, SPARC-GFP and the deletion mutants co-localize with TGN-46, which suggests proper processing of the deletion mutants.
Western blots were used to estimate levels of intracellular and secreted constructs ( Figure 2B ). Anti-SPARC antibody detects intracellular ( Figure 2B , i) and secreted ( Figure 2B , ii) SPARC-GFP, DEGF and endogenous wt-SPARC. This antibody does not recognize GFP or the DAcidic construct. Levels of expression and secretion of all constructs can be seen using an anti-GFP antibody ( Figure 2B , iii and iv). GFP is not secreted (Figure 2B , iv). Both deletion mutants are secreted, as expected, since the export signal was not disrupted in either deletion. However, although the expression levels in the lysates of DAcidic were similar to SPARC and DEGF, the levels in the conditioned medium were consistently lower than that for SPARC and DEGF. With the acidic domain being immediately downstream of the export signal, deleting this region may affect secretion.
Effects of the deletions on SPARC uptake by naive U87 cells SPARC is taken up by normal cells in culture (45) (46) (47) . SPARC is also taken up by U87MG cells; however, the non-clonal U87MG cell line does not internalize SPARC uniformly (S.A.Rempel, unpublished results) and so we derived a clone from U87MG, termed U87D8. This clone is denoted as naive because it does not express the SPARC-GFP-derived constructs.
U87D8 cells were exposed to medium conditioned by cells expressing each of the constructs. GFP fluorescence was not detected in cells treated with conditioned medium from GFP-expressing cells ( Figure 3A , i) because GFP is not secreted. In contrast, SPARC-GFP, DAcidic and DEGF were internalized ( Figure 3A , i). Cells were immunostained for EEA1, an early endosome marker ( Figure 3A , ii). Merged GFP and EEA1 images ( Figure 3A , iii and zoom iv) show colocalization, indicating that the constructs are internalized into the early endosome.
The uptake of DEGF by U87D8 cells appeared less than SPARC and DAcidic ( Figure 3A) . This was surprising as the amount of DEGF in the conditioned media was as high as that observed for SPARC-GFP ( Figure 2B ). Therefore, we assessed the levels of uptake relative to the amount present in the conditioned media by western blot analysis ( Figure 3B ). Low levels of internalized constructs were observed within 10 min (data not shown); however, uptake was maximally observed at 6 h ( Figure 3B , i) or later (data not shown). Comparing the levels of the constructs in the conditioned medium ( Figure 3B , ii) relative to the levels that were internalized by the U87D8 cells ( Figure 3B, i) , DEGF was taken up to a lesser extent, whereas DAcidic was taken up to a greater extent than SPARC. Interestingly, degradation products of the SPARC and DAcidic constructs, which are presumed to be the GFP tag since it is $29 kDa and is detectable with the GFP antibody, were detectable as early as 3 h (also at 6 h as in Figure 3B ). However, there was no degradation product observed in the U87D8 cells exposed to DEGF conditioned medium at any time point examined and DEGF did not accumulate within the cells. These data suggest domain-specific interactions with a cell surface receptor, which could alter SPARC function in adhesion, migration and signaling.
DAcidic increases cell adhesion on FN
To determine the effects of the deletions on cell adhesion, clones were plated on 10% BSA (control) or on increasing concentrations of FN. Adhesion at 24 h was studied to correlate the level of adhesion with distance of migration on FN (see below). All cells were more adherent on FN than on 10% BSA (data not shown). The values illustrated in Figure 4 reflect the percent absorbance relative to the control cells for each matrix. Compared with GFP, SPARC did not affect adhesion when cells were plated on 10% BSA or the lower FN concentrations but increased adhesion on 100 lg/ml FN. When plated on 10% BSA, DAcidic cells were more adherent than GFP control cells but were not significantly different from SPARC or DEGF. DAcidic increased adhesion on all levels of FN compared with GFP or DEGF. These cells were also more adherent than SPARC on the highest levels of FN. DEGF cells were less adherent than GFP cells on the lowest levels of FN but were not significantly different than SPARC on any FN concentration. The opposing effects of the deleted regions may balance out and explain why cells expressing SPARC have similar adhesion to control cells under most conditions. 
Deletion of the acidic domain or EGF-like module reduces SPARC-induced migration
Wound assays were used to measure distance migrated on FN over 20 h. Figure 5A , i shows representative images of one clone for each construct (a line indicates the start of migration) and Figure 5A , ii illustrates the average distance migrated. Consistent with our previous data (29), SPARC-expressing cells migrated farther than GFP-expressing cells. Either deletion resulted in decreased migration relative to that of SPARC-expressing cells; however, migration was greater than that observed for control cells. DAcidic had a greater effect on reducing migration than DEGF. To show that the cells that are present in the wound area were a result of migration and not due to increased proliferation, cell proliferation was measured over 48 h. Approximately, twice the amount of time allowed for migration was used to amplify subtle changes in proliferation. Figure 5A , iii indicates that there was no difference in proliferation over this period of time.
To confirm the effects of the deletions on cell migration, the transwell assay was used to assess migration as the number of cells that migrated through 8-lm pores. Representative Â10 images are shown ( Figure 5B, i) . Figure 5B , ii indicates the average number of cells per Inhibition of SPARC-induced migration and signaling field. As in the wound assay, SPARC significantly increased migration compared with GFP control cells and both deletion mutants reduced migration. However, in this assay, both deletions reduced migration to control levels. The differences observed between wound and transwell migration assays indicate that the ECM may influence the activity of SPARC and the deletion mutants to affect migration.
DAcidic and DEGF reduce SPARC-induced activation of the p38 MAPK/HSP27 pathway
We have previously demonstrated that p38 MAPK and HSP27 mediate SPARC-induced migration (29) . We used western blot analysis to determine the effects of the deletions on this signaling pathway ( Figure 6 ). As previously reported, SPARC expression increases p38 MAPK phosphorylation ( Figure 6A ). p38 MAPK activation was maximal at 3 h when the cells were plated on 100 lg/ml FN. As previously reported, SPARC increases expression of HSP27 and increases phosphorylation of HSP27 at all three serine residues ( Figure 6B , i-iii and quantitated in iv). DAcidic and DEGF showed a trend for intermediate activation of p38 MAPK but were not significantly different from SPARC or GFP cells ( Figure 6A) . Deletion of the acidic domain resulted in a slight reduction in expression of HSP27 compared with SPARC; however, phosphorylation of HSP27 was only significantly reduced at serine 82. HSP27 expression and phosphorylation were not significantly different between DAcidic and GFP cells. Deletion of the EGF-like module reduced expression of HSP27 compared with SPARC, DAcidic and GFP cells. Phosphorylation of HSP27 in the DEGF cells was significantly less than SPARC and DAcidic cells but was not significantly less than phosphorylation of HSP27 in GFP cells. That phosphorylation of HSP27 was through p38 MAPK signaling was confirmed using the inhibitor SB203580 ( Figure 6C , i-iii), as previously reported (29) .
Because the level of HSP27 in the DEGF cells did not correlate with the level of migration in the wound assay, we examined other signaling molecules involved in migration. There was no change in b1 integrin expression (data not shown). Under the conditions and time points tested, we did not see consistent effects on FAK expression or activation by SPARC or the deletion mutants (data not shown). There was also no change in the intracellular localization of phosphorylated FAK as determined by confocal imaging (data not shown). Western blot analysis also indicated no change in the expression or activation of extracellular signal-regulated kinase or myosin light chain (data not shown).
As signaling can also be regulated by the level of total HSP27 available for phosphorylation, we determined whether the increase in total HSP27 induced by SPARC was in part due to increased protein stability. We found that SPARC stabilized HSP27 protein, and the half-life was not reached within 72 h post-cycloheximide treatment ( Figure 6D, i) . Deletion of the acidic domain had no significant effect, whereas deletion of the EGF-like module shortened the half-life to control levels ( Figure 6D , ii). The quantitation in Figure 6D , iii indicates levels of HSP27 in each clone relative to the 0 h time point.
Discussion
SPARC is highly expressed in gliomas and we have demonstrated that it increases migration in vitro (12) and in vivo (13) . We have further shown that SPARC increases migration at least in part through the p38 MAPK/HSP27 signaling pathway (29) . We have also demonstrated that SPARC suppresses proliferation in vitro (48) and in vivo (13) . Thus, therapeutically, it might be useful to inhibit SPARC-induced migration and invasion but retain the negative effects on proliferation. The evidence that different domains of SPARC may be involved in different SPARC functions, prompted us to question whether deletion of specific domains would alter adhesion and/or signaling so as to reduce or eliminate SPARC-induced migration. To this end, we evaluated the effects of deleting the acidic domain and the EGF-like module. We found that deletion of the acidic domain resulted in increased uptake, increased adhesion, decreased p38 MAPK/HSP27 signaling and decreased migration. Deletion of the EGF-like module dramatically reduced the expression of HSP27, due in part to a decrease in the HSP27 protein stability conferred by wt-SPARC. This deletion also resulted in decreased uptake and migration. The decreased uptake suggests that this mutant either cannot bind as efficiently, and then probably would not serve as a therapeutic agent to interfere with wt-SPARC function, or it binds, but cannot transduce the signal, and then would be a good therapeutic agent. Further investigation is necessary to clarify the effects of DEGF. In contrast, the acidic domain deletion mutant seems capable of interacting at the cell surface and the increased uptake appears to attenuate signaling and migration. These data suggest that the DAcidic construct could interfere with wt-SPARC function to suppress signaling through HSP27 and suppress migration. These studies help to further define the function of these specific domains and suggest potential therapeutic strategies to inhibit SPARC-induced migration.
We first evaluated the effects of the deletions on intracellular protein processing in U87MG cells expressing the constructs. Both deletion mutants were localized to the trans-Golgi network (Figure 2A ) and were secreted ( Figure 2B ), suggesting that the deletions did not significantly alter protein processing. Therefore, the constructs could be used to examine the biological effects of the deletions on SPARC function in internalization, adhesion, migration and signaling.
SPARC is internalized by binding to a5b1 integrin on adipose stromal cells (30) . Although the mechanism for uptake of SPARC in glioma cells is unknown, a5b1 integrin is a candidate receptor as U87MG cells express a5b1 [(49); S.A.Rempel, unpublished results]. Both deletion mutants have the b1 integrin-binding region (Figure 1) . We investigated the uptake of the constructs and, as expected, both deletion mutants were internalized; however, uptake of DEGF was reduced, whereas DAcidic was enhanced compared with SPARC ( Figure 3) . The data suggest that the EGF-like module may increase the affinity of SPARC for b1 integrin. This agrees with an observation by Yost and Sage (25) , who demonstrated that a peptide mimicking the EGF-like module was a more potent competitor for cell surface binding than wt-SPARC. Deletion of the acidic domain places the EGF-like module at the N-terminus of the mature protein ( Figure 1 ) and resulted in enhanced uptake compared with SPARC, which further suggests that the EGF-like module promotes the binding of SPARC to b1 integrin. However, it is possible that SPARC binding to the cell surface and internalization are mediated by different receptors, requiring further investigation into these mechanisms. Ã Significantly different from GFP (P 0.036), #Significantly greater than SPARC (P 5 0.0095).
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Previous studies of SPARC peptides involving cell spreading and adhesion prompted us to investigate the effects of the deletion mutants on adhesion, migration and signaling. Cell adhesion and migration are dynamic processes and can be affected by the type and concentration of ECM. We assessed adhesion on increasing levels of FN at 24 h to correlate status of adhesion and distance of migration. We chose to use FN because gliomas tend to migrate along blood vessels (1, 14) , the site of FN in the normal brain (50) . Gliomas can secrete FN (51) and express FN receptors, including the SPARC-binding a5b1 integrin (1, 51) . Additionally, tumor cells may induce host cells to produce ECM proteins including FN (50) .
Although SPARC is a de-adhesive protein when added to normal cells in culture (20, 27) , these studies did not indicate whether the cells were plated on a matrix. We found that SPARC had no effect on glioma cell adhesion on lower concentrations of FN and increased at the highest concentration of FN. Our results reflect a difference in tumor versus normal cells and/or matrix-specific effects of SPARC.
Additionally, our results differ only slightly from previous studies in our laboratory, which showed that SPARC expression did not alter attachment on FN (48), and differences observed may be an effect of the different time points examined. The adhesion results show that the loss of the acidic domain increases adhesion, suggesting that the acidic domain has de-adhesive properties, which is consistent with other reports (20, 21) . The acidic domain is also involved in the suppressive effect of SPARC on FN production (22) . Deletion of this domain would result in greater deposition of FN compared with SPARC and DEGF, resulting in increased adhesion. In contrast, deletion of the EGF-like module had a moderately suppressive effect on adhesion. By deleting the EGF-like module, the acidic domain is positioned closer to the b1 integrin-binding site on SPARC and so it may have a greater ability to disrupt the interaction between b1 and FN, resulting in decreased cell adhesion. As with SPARC, this effect was overcome by increasing the concentration of FN. The opposing effects of the two regions on adhesion may balance out and explain Ã Significantly less than SPARC (P 0.033), #Significantly greater than GFP (P , 0.01).
Inhibition of SPARC-induced migration and signaling Western blot analysis and (iii) densitometric analysis indicate that the increased levels of HSP27 in the SPARC-expressing clones is due at least in part to increased protein stability and this increased stability is lost with the deletion of the EGF-like module. Ã Significantly less than SPARC (P , 0.05), #Significantly less than GFP (P , 0.016). Molecular weights (in kDa) are indicated at the left of each blot.
why cells expressing SPARC are similarly adherent to control cells on FN.
Both deletion mutants decreased migration when compared with SPARC-GFP. However, the mutant-expressing cells migrated significantly more than the control cells in the wound assay ( Figure 5B ) and similarly to control cells in the transwell assay ( Figure 5E ). In the wound assay, cells were plated on FN and migration was along a flat surface, without spatial constraints ( Figure 5A ). In the transwell assay, ECM was not added to the inserts, but the cells had to move through pores ( Figure 5D ), which would provide spatial constraint. The differences between the two assays indicate that the actions of the deletion mutants are dependent on the matrix or that they are involved in SPARC signaling to myosin II. Myosin II is required for glioma migration through the pores of transwell filters (52) . Others have demonstrated that SPARC activates myosin through ILK (33); however, there were no changes in phosphorylated myosin light chain in our study under the conditions tested. Additionally, we have previously demonstrated that SPARC-induced migration, in the wound assay as well as invasion through Matrigel-coated transwell filters, is inhibited by HSP27 siRNA (29) , indicating that SPARC-induced migration, with or without spatial constraints, is mediated by HSP27. Therefore, it seems more likely that the differences observed in migration between the two assays were due to the presence or absence of FN.
We have shown previously that SPARC-induced migration is mediated through the p38 MAPK/HSP27 signaling pathway (29) . Using inhibitor SB203580, we demonstrate that the deletion constructs also signal though p38 MAPK to affect HSP27 phosphorylation. In cells expressing DAcidic, the decreased migration ( Figure 5 ) correlated with decreased expression of HSP27 and phosphorylation at serine 82 ( Figure 6B ) compared with SPARC-expressing cells. The DAcidic cells were not significantly different from the GFP cells in the level of HSP27 expression and phosphorylation (Figure 6 ), which correlates well with the similar level of migration as measured by the transwell assay ( Figure 5 ). Since the uptake data suggest that this construct interacts with a cell surface receptor, the decreased signaling indicates that this domain is important in SPARC-induced activation of this pathway.
Despite the low levels of HSP27, clones expressing DEGF migrated a greater distance than DAcidic and GFP cells in the wound assay ( Figure 5) . Deletion of the EGF-like module resulted in a reduction in the expression of HSP27 to less than GFP control levels; however, the levels of phosphorylated HSP27 in DEGF cells were not significantly less than in GFP cells. The relative levels of phosphorylated and unphosphorylated HSP27 may be critical in the function of this protein. Unphosphorylated HSP27 participates in actin capping (35) , whereas phosphorylated HSP27 stabilizes actin filaments at the base of the lamellipodia facilitating migration (53) . The high degree of phosphorylation relative to the low level of total HSP27 present in DEGF cells may be able to promote migration due to a low availability of unphosphorylated HSP27 to contribute to actin capping. The mechanism by which SPARC upregulates HSP27 is unknown; however, we have previously demonstrated that SPARC upregulates HSP27 transcript abundance (29) and now show that SPARC promotes HSP27 protein stability. The latter function may be due to its proposed intracellular chaperone function (40, 41) . It is clear from this study that the EGF-like module is essential for SPARC-induced HSP27 protein stability. Future studies of this construct may yield further insight into the SPARC-HSP27 relationship.
Studies have implicated SPARC or SPARC peptides as a therapy for cancers in which SPARC proves a positive prognostic marker (54, 55) . For example, others have shown that peptides that mimic all or part of the EGF-like module were effective in blocking angiogenesis associated with neuroblastoma (26, 55) . Our study does not indicate whether the DEGF construct would be a good therapeutic agent in gliomas. However, although some of the effects of the DAcidic construct must be examined in more detail, expression of this mutant increased glioma cell adhesion and reduced SPARC-induced migration and signaling through HSP27. DAcidic has an intact EGF-like module and the absence of the acidic domain places the EGF-like module at the Nterminus of the protein, resulting in a protein that is internalized more efficiently and may compete for wt-SPARC binding but with limited induction of signaling. Therefore, this construct may reduce cell migration and retain anti-angiogenic activity. Further analysis of these constructs as therapeutic agents is warranted.
Funding
National Institutes of Health/National Cancer Institute (R01CA86997 and R01CA138401 to S.A.R.). The authors are grateful to the Barbara Jane Levy family for their continued support.
